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Review
Particulate silicon nitride-based composites

Yu. G. GOGOTSI*
Tokyo Institute of Technology, Research Laboratory of Engineering Materials,

4259 Nagatsuta, Midori-ku, Yokohama 227, Japan

In an attempt to optimize the structure and properties of silicon nitride ceramics, a variety of novel
processing techniques and materials compositions have evolved over the last 15 years. Among the
most important, was the development of various silicon nitride-based composites. A review of
particulate, silicon nitride-based compaosites other than whisker- or platelets-reinforced, is
presented. Materials based on silicon nitride and SiAIONs, with additions of carbides, nitrides and
borides of transition metals are described. Special emphasis is placed on TiN- and TiC-containing
ceramics. The manufacture of composites by hot pressing, reaction sintering, pressureless and
gas-pressure sintering is discussed. The data on properties, including conductivity, density,
Young’'s modulus, strength, fracture toughness, hardness, thermal expansion, wear, creep and
oxidation resistance are presented. Analysis of actual and potential uses of the selected
composites demonstrates that the particulate composites are very promising as tool, structural and

electronic materials.

1. Introduction
In the last 20 years, ceramics have won increasing
importance for engineering applications despite their
inherent brittleness [1-3]. Because of their high
strength, hardness and thermal stability, silicon nitnde
ceramics are among the most important materials for
structural applications. The need for further improve-
ment in the mechanical reliability of silicon nitride has
recently led to the development of high-strength and
high-toughness ceramics, such as fibre-, whisker- or
particulate-reinforced ceramics [4-6]. Owing to pro-
cess problems and the cost of whiskers and fibres,
however, increased attention is being devoted to par-
ticulate composites [ 7]. Silicon carbide was used as an
addition to SizN, more than 20 years ago [8]. How-
ever, the use of SiC as uniform particles cannot im-
prove noticeably the properties of the matrix [5,9].
Therefore, SiC is used mostly in the form of whiskers,
fibres and platelets. These materials were extensively
studied and will not be discussed in the present work.
A major focus of this review is on the composites
containing nitrides, carbides or borides of transition
metals in the silicon nitride, silicon oxynitride or
SiAION matrix. The thermal expansion mismatch
between added particles and the SizN, matrix can
produce compression stresses in the matrix during
cooling after sintering, thus improving the mechanical
properties. SizN, is hard to work and cannot be sub-
jected to electro-discharge machining (EDM) because
of its insulating properties. On the other hand, nitrides
and carbides of transition metals generally have as

high an electrical conductivity as that of metals. The
addition of a conductive phase, such as Ti(N,C) or
Zr(N,C), makes possible EDM of the ceramics and
their use for some specific electrotechnical applica-
tions. New conductive silicon nitride- and SiAION-
based composites were developed for these purposes
by adding amounts of TiC, TiN or TiCN particles to
the ceramic matrix. These composites have been con-
sidered for heaters, cutting tools, wear-resistant and
structural components.

Knowledge of the effects of the kind, grain size and
content of particulate additions on the properties of
silicon nitride is essentially important for development
of new materials, combining high mechanical prop-
erties and necessary electrophysical characteristics.
However, no attempts to describe the availability in
the scientific literature data on such materials have
been made previously.

The main objective of this review was to evaluate
the effects of the content and grain size of particulate
additions on processing, structure and properties of
silicon nitride- and SiAlION-based ceramics produced
by various technological routines (sintering, hot press-
ing and reaction sintering). It summarizes both
the literature and the author’s own results of investi-
gations in a sufficiently comprehensive form. This
contribution looks into the promising concepts for
improving mechanical, chemical and electrophysical
properties of ceramics. A number of aspects are
touched upon, for example, the technological perform-
ance of such composites, promising compositions,
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property values achieved to date, practical application
and relative potentials for particulate composites.

2. Basic principles

The selection of compounds to modify the silicon
nitride matrix provides some degrees of freedom.
However, several primary criteria must be fulfilled.
These are:

(i) chemical compatibility with the matrix;

(i) moderate difference in thermal expansion coef-
ficients;

(iii) high electrical conductivity (in case of EDM-
machinable and electroceramics);

(iv) environmental stability {(in case of structural
materials);

(v) low cost.

2.1. Chemical compatibility with silicon
nitride

Various nitrides, carbides and borides of transition
metals can be added to silicon nitride [10]. Work on
TiC-containing composites was initiated in the 1970s
[11-14] and continued in the 1980-90s [6, 15-197. It
has been shown [16] that the reaction between the
Si;N, matrix and TiC results in the formation of SiC
and titanium carbonitride

SisN, + 6TiC = 3SiC + 6TiCosNos + 1/2N,
1)

At the sintering temperature, the reaction can proceed
(AG = —30 Kcalmol~!) until all TiC is consumed.
Reaction 1 is sensitive to the partial pressure of nitro-
gen [19]. The reaction is possible only when the par-
tial pressure of nitrogen during sintering is lower than
that for the equilibrium

38iC + 2N, = SisN, + 3C )

At low pressures, TiN can be formed. However, in
most cases titanium carbonitride, TiC,N,_,, with
x values from 0 to 0.5, was found.

TiC reacts also with silica, which is always present
on the surface of the SizN, particles, according to the

reaction
TiC + 1/2N, + 1/38i0, = TiN + 1/3SiC + 2/3CO

3)

or

TiC + 5/6N, + 1/28i0, = TiN + 1/6Si3N, + CO

)

at high nitrogen pressures, when SiC is unstable. It
follows from Equations 3 and 4, that the rate of the
decomposition of TiC also depends on the CO content
in the sintering atmosphere and on the silica content
in the powder mixture.

Thus, the interaction between the matrix and TiC
leads to substantial changes in the phase composition

- of the materials. This was a reason why in the 1980s

the use of TiN [20-357 and TiC,y sNg 5 [36-38] for
substitution of TiC was proposed. Thermodynamic
calculations [19] demonstrated that TiN is stable in
the temperature range that is used for sintering of
Si3N,4. Only small changes in nitrogen content, de-
pending on the nitrogen partial pressure, are possible.
However, according to the published data, up to
7 wt % Si3N, can be dissolved in TiN at 1650 °C [39]
and up to 30at % Ti can be dissolved in Si;N, at
1725°C [40]. The formation of the solid solution of
Si;N, in TiN under equilibrium conditions in the real
systems seems to be hindered by the presence of inter-
granular silicate phases.

In addition to TiC, TiN and TiC,N; _,, some other

compounds, for example ZrN [36, 37], ZtC [41], TiB,
[427, BN [43], NbC, TaC, TaSi,, TaN, HfC [14], were
used for modifying the structure of Si;N,. The proper-
ties of some of them are summarized in Table I. Not
all nitrides and carbides of transition metals can co-
exist with Si3N4. For example, ZrtC,N;_, (0 <x
< 0.32) can coexist with SizN4 at 1650°C [44], but
CrN and Cr,N react with Si;N4 with the formation
of Cr;sSi; even in a nitrogen atmosphere [45, 46].
Generally, nitrides have better compatibility with
Si;N, than carbides: the latter can react with SizN,
with the formation of SiC.

2.2. Improvement of mechanical properties

A high level of mechanical properties is essential for
engineering ceramics. The alteration of Si;N, through
dispersed additions with high Young’s modulus offers
a potential for improvement of the composite’s mech-
anical properties. The theoretical basis for dispersion
toughening of ceramics was developed in the 1970-80s
and a number of models were proposed [47-56]. The

TABLE I Properties of silicon nitride and some of the refractory compounds used as dispersoids (after [57, 58, etc.])

Compound Density Resistivity Microhardness Thermal Young’s

(gem™3) (Qm) (GPa) expansion modulus
coefficient (K ~!) (GPa)

Si;N, 321 10111012 30 325x107¢ 280-320

TiN 5.44 3.34x1077 20.5 80x107¢ 430469

ZrN 7.09 1.8x1077 16.7 7.24x10°¢

TiB, 4.48 9x1078 337 46x1076 571

ZrB, 6.17 1.3x1077 225 59%107° 350

ZrC 6.73 49x 1077 29.5 70x107¢ 355

TiC 493 6.1x1077 31.7 795x10°° 427
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basic toughening concepts that can be realized in the
silicon nitride-refractory compound systems are listed
below.

2.2.1. Toughening and strengthening
mechanisms

1. Prestressing of the matrix due to differences in
thermal expansion of the particles, o, and the matrix,
o,,. For the case of a single, spherical particle of radius
R in an infinite isotropic matrix, a uniform stress, o",
arises within the particle and radial and tangential
stresses of 6*R3/r3 and 6"R3/2r3, respectively, arise in
the matrix, where r is the distance from the centre of
the particle to a point of the matrix. The stress 6" can
be calculated according to

. L4+ vy 1 —2v
o' = (cxm——ap)AT/< 3E. + 3 )

P

©)

where AT is the temperature range over which no
relaxation of stresses at cooling occurs (~ 1200 °C for
silicon nitride matrices), E is the Young’s modulus, v is
Poisson’s ratio. When a, > a,, cooling from the sin-

f Dispersoid]

Matrix

(a) (b}

Figure 1 (a) Schematic presentation of the stressed state around
the particle, and (b) resulting crack surface roughening and crack
tilting and twisting during propagation around dispersoid caused
by thermal expansion and elastic modulus mismatch stresses.

tering temperature puts the particle in tension and the
matrix in compression, as is schematically shown in
Fig. 1. This residual stress state tends to divert an
advancing crack around the dispersoid [50], as shown
in Fig. 1b. The o values of the carbides and nitrides
of transition metals are higher than that of SizN,
(Table I). Thus, this mechanism can work in the com-
posites under study.

2. Crack deflection or multiplication around or
through a particle due to the orientation of preferred
fracture surfaces (weak grain boundaries, cleavage
planes, etc.).

3. Crack impediment by the ductile particles. This
mechanism can lead to an increase of the fracture
toughness at elevated temperatures, because of a lower
brittle—ductile transition temperature for most ni-
trides and carbides in comparison with SizN, (e.g.
800-900 °C for TiC [59]).

4. Crack bowing, which originates from resistant
dispersoid particles in the path of a propagating crack.
The crack tends to bow between the particles [48].

5. Microcracking due to property (thermal expan-
sion and elastic modulus) mismatches. Theoretical
prediction [ 567 shows that for the Si;N,—TiN system,
microcracking is possible at high TiN contents
{ > 60 vol %) and large grain size of TiN (~ 100 pm).
Another evaluation [35, 60] gives the critical dimen-
sion for spontaneous microcracking equal to 17 pm.
In real systems, the microcracking is strongly affected
by the energy of the grain boundaries TiN/SizN,,
SizN,/glass and SizN, /SizNy. Sintering additives and
different processing conditions can alter this energy,
thus affecting the critical grain size. This might be the
main reason for the observed variations in predicted
and experimentally measured values. It remains to be
demonstrated, whether or not one can control the size
and spacing of microcracks to increase the strength
and/or fracture toughness of the composite above the
level of the matrix alone.

K, (MPa m"?)

20 30

TiC content (vol %)

50

40 60 80

TiN content (vol %)

0 20 100

Figure 2 {(——) Calculated after [56] and (O, A) experimental K, values for the systems (a) B-SiAION-TiC and (b) B-SiAION-TiN:
(O) notched bar; (A, x)indentation. 6™: 1, 0;2, #0, c= 10 pm; 3, #0, ¢ = 100 pm; 4, # 0, ¢ = 50 pm.
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While there is often uncertainty in evaluating the
main mechanism in a given composite, it is important
that typically more than one mechanism is involved.
Crack bowing and the crack deflection processes take
place simultaneously. The multiplicity of mechanisms
provides additional opportunity for design and im-
provement of composites. However, a theoretical pre-
diction [50] demonstrated that in the case of spherical
particles, only a 40%-70% increase of toughness can
be achieved. Thus, particulate composites cannot offer
as spectacular toughening effect as do whiskers or
fibres.

Galanov and Grigor'ev [56] proposed a criterion
for the evaluation of the fracture toughness of the
composites with internal stresses

K. = min(a;'K§, — Yo™c!/?) (6)

where o, is the relation of the shear moduli of the
component s and the composite (o, = G;/G), Y is
a geometrical factor, o™ is the residual stress in the
component s, and ¢ is the half length of the crack.

Using the modified Equation 6

KS = max, min (ag 'K{, — (2/m*)c™ct?) (7)
the optimum values (¥;) of the TiN and TiC contents
in the B-SiAION matrix, corresponding to the max-
imum fracture toughness, were calculated. The max-
imum level of the fracture toughness is expected to be
achieved at ~ 30 vol % TiN or 20 vol % TiC (Fig. 2),
which is in agreement with the experimental data.

3. Processing

From a technological standpoint, the processing of
particulate composites is much easier and cheaper
than the production of fibre- or whisker-reinforced
ceramics. All methods, which are used for producing
monolithic silicon nitride ceramics, can be applied to
the particulate composites. The only problem which
was stressed in some investigations [26,35] is the
agglomeration of the added particles, leading to the
formation of 50-300 um aggregates, which can de-
crease the strength of the composites. A settling of the
powder suspensions in an ultrasonic bath or additions
of surface-active organic compounds can be proposed
for controlling the grain size of TiN. The use of
composite Si;N,~TiN powders produced by plasmo-
chemical synthesis [61] can also improve the homo-
geneity of the materials.

3.1. Hot pressing

Hot pressing was used for manufacturing SizN4—TiN
[26], SisN,~TiB, [42] and SizN,-TiC [23] com-
posites. The hot pressing can be carried out in CO
[13, 26] or under vacuum [35].

We shall regularly use in the following part of the
paper the results obtained on hot-pressed SizN,
(HPSN) with 5 wt % Y,03 + 2 wt % AL, Oj; as sinter-
ing aids and 0-50 wt % TiN (Fig. 3) for illustrating the
effects of the content and grain size of particulate
additions on the properties of the composite. These
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Figure 3 Composition of the Si;N,-TiN composites, developed at
the Institute for Problems of Materials Science (Kiev, Ukraine).

mixtures were prepared by milling SisN, with oxide
additives in a ball mill to obtain a uniform distribution
of oxide additives. A commercial TiN powder was
classified by sedimentation into average particle sizes
dso = 0.83,2.43, 16.8 and 36.8 pm and carefully mixed
with the oxide-doped silicon nitride. Some mixtures
were prepared by prolonged milling of TiN in a ball
mill together with silicon nitride to obtain a homo-
geneous distribution of TiN particles in sintered
bodies [26,33]. These materials (HPSN-TIN
throughout the text) can serve well as model composi-
tions for the investigation of the effects of the grain size
and concentration of TiN on the properties of the
composite.

As can be seen from Fig. 4, the addition of the
fine-grained TiN accelerates slightly the densification
of the material at hot pressing [19]. The reverse is the
case for coarse-grained TiN. An improved sintering
behaviour of TiN-containing composites can be ex-
plained by the formation of a TiO,-containing low-
viscous liquid phase at the initial stage [38] and by the
interaction of TiO,, which is always present on the
surface of TiN particles, with SizN, during hot press-
ing according to the reactions

6TiO, + 4Siz3N, = 6TiN + 128i0 + 5N, (8)
6TiO, + 2SizN, = 6TiN + 6Si0, + N, (9)

Reaction 9 increases the quantity of the liquid silicate
phase during sintering. The formation of titanium-
containing SiAION phases with a low liquidus tem-
perature was also considered for Al,O;-containing
ceramics [62]. In addition to the interaction with
Si;N, and SiO,, the reaction of TiC with sintering
additives should be taken into account

2A1,05 + 6TiC + 5N, = 4AIN + 6TiN + 6CO
(10)

2AL,0; + 9TIiC + 45N, = ALC; + 9TiN + 6CO
11)

These reactions depend not only on the nitrogen pres-
sure, but also on the partial pressure of CO and on the
activity of Al,O; in the liquid phase [38].
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Figure 4 Densification of ceramics with different TiN contents dur-
ing hot pressing under vacuum [19].

As is known, hot pressing without an inert atmo-
sphere is much cheaper because it does not require
expensive vacuum equipment and has a higher pro-
ductiveness due to a shorter pressing cycle [63]. The
main disadvantage of this process is a carbonization of
silicon nitride which determines poorer properties of
ceramics. To produce the materials by this method,
silicon nitride should be protected from reacting with
the gas phase (mainly CO formed due to oxidation of
graphite) before the formation of closed porosity.
From this point of view, the interaction of TiN with
the carbon-containing gas atmosphere becomes rather
interesting. As is shown by X-ray and Auger spectro-
scopy of the polished samples hot-pressed under such
conditions, TiN grains can bind some amounts of
carbon and oxygen [33]. As a result, coarse TiN
grains are enveloped by TiC,O, N, and fine grains are
apparently not TiN, but the grains of titanium oxy-
carbonitride. Thus, the TiN particles bonding carbon
from the gas phase are capable of decreasing carbon-
ization of the silicon nitride matrix.

In the case of unstable TiC, Reactions 3 and 4 de-
crease the quantity of the liquid phase in the system
and the densification rate [19]. The sinterability of the
composites decreases with increasing carbon content
in TiC,N, _, [38].

3.2. Sintering

Both pressureless [25, 27] and gas-pressure [27, 35]
sintering were successfully used for manufacturing
SizN4-based composites. SisN,—TiN composites can
be fabricated to densities > 99% by two-step gas
pressure sintering [27]. Slip casting was successfully
used to produce uniform green structures [27]. The
effect of the TiN or TiC content on the shrinkage of
the composites is the same as in the case of hot
pressing [38]. Fine-grain TiN takes part in the solu-
tion—diffusion—precipitation stage of the sintering pro-
cess and accelerates the densification of silicon nitride.

TiO, on the surface of the particles forms an inter-
mediate liquid at the first stage of sintering. At higher
temperatures it is reduced to TiN. The increase of the
grain size or carbon content in TiC,N, _, decreases
the sinterability of the composite due to instability of
the carbonitride under sintering conditions.

3.3. Reaction sintering

In situ reactions have also been used for preparing
composites. A reaction sintering process has been de-
veloped to reinforce SizN, and SiAIONs with refract-
ory nitrides, borides and carbides. This approach can
improve hardness and toughness of the material, as
well as provide better sintering capabilitics. Other
advantages include low cost and unique microstruc-
tures [64—-66].

Nitridation of Si-TiN mixtures allows porous
electro-conductive composites to be obtained [29].
This process can be also based [66] on the nitridation
of Si + TiO, mixtures. The reactions

TiO, + Si + 12N, = TiN + Si0, (12)
38i + 2N, = SizN, (13)

and

Si0, + 3Si + 2N, = 2Si,N,0 (14)

result in the formation of TiN-reinforced silicon
nitride/silicon oxynitride composites [66]. The follow-
ing reaction [65]

Ti,O; + 3AIN + 5Si3N, = 3Si;AION; + 2TiN
(15)

will give a SIAION composite containing 8 vol % TiN.
To produce ceramics with increasing TiN content
requires a proportional increase in titanium oxides
and hence in the requirement for substitution of oxy-
gen in the B-SiAlON. Alternatively, a less-expensive
TiO, can be used [65]

2TiO, + 3AIN + 5Si3N, = 3Si;AION; + 2TiN + 10,
(16)
The excess oxygen may be released during the sinter-
ing or lead to the formation of TiN, O, solid solutions.
The interaction between TiN and BN during sinter-
ing in the presence of silicon or SiO, will produce
TiB,-containing composites with Si;N, or Si,N,O
matrices [67]

4TiN + 8BN + 9Si

I

4TiB, + 3SizN,
(17)
4TiB, + 6Si,N,O
(18)
Additions of AIN, Al,O, and/or Y,0O; will lead to the
formation of B- or a-SiAlION matrices [67]. BN itself

can be produced in a SIAION matrix according to the
reaction

B203 + 3A1N + Si3N4 =

4TiN + 8BN + 9Si + 35i0, =

2BN + Si;Al;O5N;
(19)

The mixtures of Siz3N, and titanium powder can react
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producing titanium silicides [68], which have low
mechanical properties and are not desirable in the
composite. On the other hand, our preliminary experi-
ments demonstrated that nitridation of titanium silic-
ides (TisSis or TiSi,;) or mixtures of TiH, and silicon
[69] can produce Si;N,~TiN composites.

An interesting method, which has still not been
applied to silicon nitride composites, is the self-
propagating high-temperature synthesis [70]. This
method allows powders to be obtained as well as
porous and even dense (when combined with forging
or post-sintering) ceramics [ 70, 71]. All constituents of
the composites, i.e. SiysN, [70] and refractory metals
nitrides, borides and carbides [70, 71], can be produ-
ced by this method.

4. Microstructure and composition

The studies of the microstructure of TiN-containing
ceramics demonstrated that TiN grains in most cases
are relatively uniformly distributed in the silicon ni-
tride matrix and form a continuous skeleton at
>30 wt % TiN. Introduction of TiN, ZrN or other
compounds that did not interact with Si; N, at sinter-
ing temperatures did not affect strongly the composi-
tion and structure of the silicon nitride matrix

[33, 38]. The typical microstructure of a composite is
represented by the silicon nitride matrix with elong-

Ly 2N

|

Figure 5 Representative (a) scanning electron micrograph (polished
and plasma-etched surface) and (b) transmission electron micro-
graph showing the microstructure of the HPSN-30TiN composite
(30 wt % TiN).
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Figure 6 Dependence of the lattice parameters of Si;N4 and TiN on
the TiN content in the HPSN-TiN composites [72]. (O) TiN (222),
(&) TiN (331), (- O -+) SizNy (322).

ated B-Si; N, grains and equiaxial TiN grains (Fig. 5a).
The average grain size of the silicon nitride matrix was
< 1um for hot-pressed and sintered ceramics. The
transmission electron microscopy (TEM) investiga-
tions showed the presence of a glassy or partially
crystalline intergranular phase along grain boundaries
and in the triple-point junctions (Fig. 5b). No notice-
able interaction zone was found between Si;N, and
TiN grains. Only a slight decrease of the aspect ratio
of B-SizN, was observed at high contents of the dis-
persoid. Interaction of TiO, on the surface of the
particles with sintering aids and with Si;Ny according
to Equations 8 and 9 can lead to some changes in the
composition of the intergranular phase, for example,
the formation of Y,TiOg was reported [35]. Changes
of the lattice parameter of TiN after sintering were
also found [26]. Recent investigations [72] demon-
strated that these changes (Fig. 6) occurred as a result
of the internal stresses rather than chemical interac-
tions. The decrease of the lattice constants at higher
TiN contents can be explained by increasing compres-
sion stresses in Siz;N, and decreasing tensile stresses in
TiN. However, formation of solid solutions during
sintering must, of course, also affect the lattice para-
meters of Si;N, and TiN.

Introduction of carbides or carbonitrides can cause
much stronger changes in the composition and micro-
structure of the matrix due to Reactions 1 and 3.
Reaction 1 can lead even to a complete transformation
of silicon nitride to silicon carbide [73]. The inter-
action of carbides with the matrix can be reduced
through utilization of coated dispersoids. However,
this development route still has not been explored.

b. Effects of added particles on
properties
5.1. Specific weight
Silicon nitride has a lower specific weight than
nitrides, carbides and borides of transition metals
(Table I). Therefore, the specific weight of composites
grows with the increasing content of the dispersoid
(Fig. 7). This can lead to some limitations in the case of
acrospace and other applications of the composites,
when the weight of the components is exceptionally
important.
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Fig. 7 shows also that the relative density of the
composites is almost independent of the TiN content
in this concentration range, but decreases slightly with
increasing size of TiN particles due to increasing resid-
ual porosity. A similar tendency was observed for
B-SiAION-TiN ceramics at TiN concentrations up to
80 vol % [23]. At higher TiN contents, residual por-
osity after hot pressing increased gradually and the
density decreased.

5.2. Electrical conductivity

The relation of conductivity to the dispersoid concen-
tration is characteristic of the materials the structure
of which is a heterogeneous mixture of insulating
and conductive phases. The electrical conductivity of
a mixture of insulating (Si;N,) and conductive (dis-
persoid) particles increases drastically at a certain
concentration of the conductive component, the so-
called percolation concentration. Among the para-
meters influencing the percolation concentration, the
dispersoid distribution, dispersoid shape and the dis-
persoid/matrix interactions are the most important
ones [74].

The resistivity of Si;N4—ZrC composites can vary
from 0.001-10° Qm [75]. Materials with very low re-
sistivity can be also obtained by adding TiN or TiC.
The dependencies of the resistivity on the TiN [33]
and ZrC [75] contents are shown in Fig. 8. In the
region of low dispersoid concentrations, the particles
are incorporated in the insulating matrix and the
resistivity of the composite is relatively high. At a cer-
tain dispersoid content (~20vol % in case of the
fine-grained TiN), a network of the conducting phase
within the insulating one is formed. As a consequence,
the resistivity of the composite shows a drastic de-
crease to the low value of the conductive network.
After the first conductive network is formed, the con-
ductivity shows a slow increase due to improving
quality of the conductive network. Metal-like con-
ductivity is observed at lower concentrations in the
case of finer TiN grains. This can be explained by the
fact that the specific surface area of conductive par-
ticles, and accordingly, the surface area of contacts
increases with the TiN fineness. The presence of coarse
TiN particles leads to breaks in the conductive chains
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Figure 8 Resistivity as a function of the (a) TiN [33] and (b) ZrC
[41] content. (a) (m) bun. (~1pm), {(+) 0.83 um, () 2.43 um,
(M) 36.8 um.

and the percolation concentration shifts to 40 wt %
(Fig. 8). At higher concentrations, the conductivity
becomes much less dependent on the TiN grain size.

Conductivity of ceramics depends on the sintering
route [35], because it can alter the structure and
composition of the composite. Reaction sintering pro-
duces electroconductivity with a relatively low volume
fraction of TiN (~20 vol %) in a SiIAION matrix due
to the formation of TiN network structures [65].
Fig. 8b shows that the sintering aids also can affect
strongly the conductivity of the composites. MgO-
doped ceramics had a higher conductivity than
Al,O5-doped one with the same content of fine-
grained (< 3 um) ZrC. The oxide additives can change
the composition of the grain-boundary phase and
exert an influence on the interaction between the
matrix and dispersoid.

The temperature coefficient or resistivity was neg-
ative for ceramics with low ZrC contents and changed
to positive values at 20-40vol % ZrC [75].

5.2.1. Electrical discharge machining

As can be seen in Fig. 8, ceramics with more than
20 vol % TiN can be EDM-treated. Cutting rates of
1.5-5mmmin~! were reported for ceramics with
30-50 vol % TiN [25, 35]. The material removal rate
was higher than for WC. This demonstrates the high
machinability of Si;N,—TiN composites. The mech-
anisms of TiN and Si;N, removal are melting and
evaporation respectively [35]. The surface roughness
and the damaged layer can be reduced by combining
coarse machining with finish machining [25].
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5.3. Thermal expansion

The thermal expansion of the composites is al-
ways higher than that of Si;N,, because of the higher
thermal expansion coefficients of the refractory
compounds (Table I). It was shown [35] that the ex-
perimental values of the thermal expansion coefficient,
o, are in good agreement with those calculated with
the rule of mixtures according to

o0 = UV + 0V, (20)

where V,, and ¥, are the respective volume fractions.
The thermal expansion of the Si;N,—TiN mixtures
grows linearly with increasing TiN content (Fig. 9).

5.4. Mechanical properties

5.4.1. Young’'s modulus

Most of the refractory compounds are stiffer than
Si;N, (Table I). Therefore, regardless of the matrix
and sintering route used, the modulus values of the
composites, either with coarse or fine TiN powder,
increase with increase in the TiN content (Fig. 10).
Theoretical models [47] show that the elastic modulus
of a composite, E, should be within the range given by

EEn/(EnVa + E;V,)SE<ELV, + EV, (2Q1)

where E,, and E, are the moduli of the matrix and
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Figure 9 Thermal expansion coefficient versus TiN content in
Si3N,4—TiN composites.
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Figure 10 Young’s modulus versus TiN content in hot-pressed
and sintered Si;N, and SiAlON-based composites: (—O—)
SiAION-TiN [23], (--O--) HPSN-TiN [34], (-A-) HPSN-TiN
[357, (-@-) SSN-TiN [35].
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TiN. The lower-bound solution (left-hand) is for the
condition where the matrix and particles are equally
stressed and the upper-bond solution (right-hand) is
for the condition where both phases are equally
strained. The experimental values are in agreement
with the calculated ones and lie usually within the
calculated range between the upper and lower bound-
aries (Fig. 10). Extrapolation of all dependencies to
100% TiN leads to the same point which is near to the
E value for pure TiN (Table I). A slight decrease of
E values at > 80 vol % TiN, that was observed for
B-SiAION-TiN composites, can be explained by in-
creasing porosity of the samples or by their spontan-
eous microcracking, which can occur at high TiN
contents [56].

Thus, the elastic modulus, as well as density and
thermal expansion, can be estimated with knowledge
of the modulus ratio and the volume fraction of the
dispersoid. However, pores and cracks, induced dur-
ing fabrication, can reduce the modulus from the
expected values.

5.4.2. Fracture toughness

Additions of even small quantities of nitrides, carb-
ides, borides and silicides can increase the fracture
toughness of silicon nitride (Table II). These data are
somewhat higher than it was possible to expect taking
into account a relatively low density of the com-
posites. Residual porosity can also affect the fracture
toughness. Nevertheless, they show that the fracture
toughness can be affected by the additives, and that
higher values were obtained for dispersoids with a
larger grain size.

As was shown in Fig. 2, the concentration depend-
ence of the fracture toughness of composites may
have a maximum, which was found experimentally
in a number of publications for SIAION-TiN [24],
SIAION-TiC [14], SizN,-TiC [15], SizN4-TiN
[26, 35], and others. Fracture toughness was strongly
dependent on the grain size of the composites (Fig. 11).
Larger TiC particles yielded a greater toughness than
smaller sizes (Fig. 11a), but only a decrease of K. was
observed in this system. In other investigations
[14,15], an increase in fracture toughness was
achieved with coarser (8 um) dispersoids. The effect of
the grain size can be explained by the separation of
stress fields due to a greater distance between the
particles and therefore a greater amount of crack
bowing prior to breakaway. For smaller particles, the
stress fields can overlap without significant bowing
[47]. It is also necessary to take into account the fact
that the crack front can interact only with particles
that are larger than the grains of the matrix. It is
important also to notice that for coarse particles the
maximum fracture toughness will be achieved at lower
concentrations of the dispersoid. '

A slightly different trend has been reported in the
silicon nitride-TiN system (Fig. 11b). The fracture
toughness of the composites increased with increasing
TiN content and then decreased, in the case of coarse
TiN. Ceramics with Dsg = 243 um demonstrated
higher K;, values than other model compositions.
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and (b) SizN,~TiN {33] composites.

Similarly, the highest K,  values were measured at
a TiN grain size of 3.7 pm in ceramics with 10 vol %
TiN ranging from 0.3-13.6 pm [76]. A better pro-
nounced maximum was found in the B-SiAION-TiN
system (Fig. 2). Ky, values from 4 MPam'/? [77] to
10 MPam?'/? [78] were reported for TiN-containing
ceramics. In the concentration range 0-20 vol % TiN,
a continuous growth of K. with TiN content was
found [79].

Another strategy of interest for obtaining a high
fracture toughness is based on using mixed
whiskers/particles systems. It enables different mech-
anisms of increasing fracture toughness and work of
fracture to be used. A K. value of 9.1 MPam'/? was
reached in the Si;N,-TiN-SiC,, system [80]. Addi-
tion of TiN whiskers which were developed recently
[81] could also contribute into improvement of the
fracture toughness of the composites.

5.4.3. Hardness

Silicon nitride is a very hard material (Table I). There-
fore, hardness generally decreases with an increase in
the content of the dispersoid, that is softer than the
matrix, e.g. TiN (Fig. 12). Changes in the porosity,
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Figure 12 Vickers hardness measured at 98 N as a function of size
and concentration of TiN [26].

composition and grain size of the matrix, caused by
the addition of the dispersed phase, can also strongly
affect the hardness of the composite. Thus, additions
of fine-grained ( < 2 um) TiC can increase the hard-
ness [4], probably due to a higher hardness of TiC and
the formation of hard SiC particles according to Reac-
tion 1. A slight increase of hardness was also found for
some SizN,4~TiN composites [33]. It should be noted
that the hardness of ceramics at high loads, which are
necessary in the case of composites with a coarse
structure, as opposed to microhardness, is determined
not only by elastic—plastic properties of the material,
but also by its brittle fracture. Owing to this fact,
hardness can correlate with strength. In the case
shown in Fig. 12, at a general tendency to lower hard-
ness with a growing TiN content, a certain maximum
is observed on the majority of curves at about 20 wt %
TiN, ie. at the concentration corresponding to the
maximum strength of these composites.

The hardness also decreased with increasing grain
size of TiN. The only exception to the rule was the
hardness of the composites with small quantities of
coarse TiN (36.8 um fraction). In this case, most in-
dents were in TiN-free regions, and only a few TiN
grains were involved.

5.4.4. Wear resistance

A major focus of particulate composite research has
been in the area of tribological applications [63, 82].
B-SiAION-TiN composite has a friction coefficient of
0.35-0.55 at non-lubricated sliding against steel [83].
No interaction with steel was found at sliding
velocities of 1-6 ms ™! below 800 °C. Only at higher
temperatures did transfer of titanium on to the steel
surface occur [84]. The highest wear resistance of the
composites was observed at the highest sliding velo-
cities [85].

TiC- or TiN-containing HPSN has a very good
abrasive wear resistance (pin-on-ring test on SiC
paper [86]). A hot-pressed B-SiAION-TiN composite
possesses a higher wear resistance against corundum
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and diamond than AIN and SiC [87]. The wear in-
creases with increase of the diamond grain size and
load.

Investigation of the effects of TiN content and grain
size demonstrated that ceramics with coarse TiN pos-
sess the highest wear resistance at TiN contents less
than 40 wt % (Fig. 13). For ceramics with the same
TiN distribution, a correlation between the strength,
hardness and wear resistance was found [88]. A de-
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Figure 13 Abrasive wear versus TiN content for composites with
fine and coarse TiN tested at different loads [88]. Diamond ring
100/80 um, pin-on-ring test. (—O—) 0.83 pm, (——-0--) 2.43 pm,
(- A--) 36.8 um.

Time 15 min

Flank wear {mm)

1 1
o o
o 4
a1 O

I

0.0 L
0

| 1
20 40 60 80
TiN content (wt %)

Figure 14 Flank wear of the cutting tool and volume wear of the
composite at sliding against steel 45 (0.45% C) as a function of TiN
content [84].

pendence of the abrasive wear on the fracture tough-
ness was not clearly pronounced.

The resistance of hot-pressed cutting tools made
from ultra-fine plasmochemical Si;N,~TiN powders
[61] increases on increasing the TiN .content to
25vol% and decreases again above 70 vol%
(Fig. 14). The increase in the wear resistance of TiN-
containing ceramics was ascribed [83,89] to the
formation of TiO, films on the sliding surface. A lower
wear resistance at high concentrations of TiN was
caused by a decrease of mechanical properties. In the
case of TiN, HfN and ZrN additions [90], no changes
of the friction coefficient were found on sliding against
steel.

5.4.5. Room-temperature strength

When fine powders are used, the strength of com-
posites is usually the same as that of the matrix
{26, 35, 91] or insignificantly altered due to changes of
density and flaw size in the material (Table II). A sig-
nificant improvement in strength (> 50%) was found
only for low-strength B-SiAION matrices made from
low-quality B-SizN, powders [23,24]. A drastic
strength decrease with increasing TiN content was
reported only for RBSN-TiN composites [29]. Some
of typical concentration dependencies are presented in
Fig. 15. Only a slight improvement with the maximum
at 20—40 wt % was observed in some cases [35, 92].
The room-temperature bending strength is greatly in-
fluenced by the type of TiN powder used. Fracto-
graphic studies demonstrated that for the composites
with a fine TiN addition, TiN agglomerates acted as
fracture origins; while in the case of coarse TiN grains
these grains or surface flaws caused by their spalling
during grinding became such origins. The non-uni-
formity of the TiN particle-size distribution which can
hardly be avoided in real structures gives rise to the
regions of tensile stresses the size of which is larger
than a certain limiting value inducing the crack forma-
tion. A higher content of the dispersoid results in
a larger number and size of agglomerates involving
the loss of strength [26, 33, 35, 387]. Therefore, ball-
milled (b.m.) ceramics, with a very uniform distribu-
tion of TiN in the matrix, possessed much higher

TABLE II Effect of dispersoids (5 wt %) on the fracture toughness and strength of pressureless sintered (5% Y,0; + 2% Al,05)-doped

silicon nitride [76]

Additive Grain size of Density K Strength (MPa)
dispersoid (pm) {gem™3) (MPam?/2)
HfN 385 3.26 7.1 550
Cr,N 3.85 2.96 10.7 520
TiN 1.50 3.03 78 590
NbC 1.12 3.06 7.8 590
CriC, 4.30 3.07 8.3 420
SiC 0.15 2.88 5.8 590
ZrB, 1.85 292 8.8 420
TiB, 1.30 2.80 8.5 430
NbB 3.70 3.06 11.8 570
CrSi, 2.80 2.89 8.0 540
TaSi, 3.40 331 11.0 620
ZrSi, 3.65 3.08 11.8 550
None 2.96 7.9 590
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Figure 15 Bending strength as a function of size and concentration
of TiN [33, 92].

strength (Fig. 15) than ceramics with fine-grained TiN
(0.83 pm) prepared by short-term mixing and contain-
ing agglomerates with the size of 10-50 um.

It was reported [38] that the addition of TiN can
lead to an increase of the Weibull modulus. This can
be a result of the change of the flaw population con-
trolling the strength from the surface and intrinsic
flaws in the silicon nitride matrix to TiN-related flaws
with a narrower size distribution.

5.4.6. High-temperature strength

With increasing temperatures, the level of internal
stresses and their effect on strength decrease. The
analysis of strength-temperature dependencies
(Fig. 16) confirms that their shape corresponds to the
classical curves described by Trefilov et al. [93] and is
characterized by a maximum at about 800 °C due to
a brittle—ductile transition in the intergranular phase
and/or TiN. At higher temperatures, the typical
strength degradation for silicon nitride ceramics
[31, 94, 95] due to softening of the intergranular phase
occurs.

Fig. 16 also demonstrates that the materials pre-
pared from the same powder mixtures but using dif-
ferent technological routes can differ strongly in
mechanical behaviour. This is connected first of all
with changes in the microstructure and composition
of the intergranular phase.

5.4.7. Creep

Creep of SizN,-TiN, ~TiC and —-TiCN was studied
under compression [18,28,96] and bending
[92,97, 98]. No information on the tensile creep tests
is available. As can be seen in Fig. 17, the increase of
TiN content in ceramics leads to higher creep rates,
macroscopic deformation and shorter rupture times of
the samples. Higher creep rates were measured also for
TiC- or TiCN-containing ceramics under compression
creep tests [18]. The quasi-stationary creep rates of
materials with different TiN contents tested at
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Figure 16 Temperature dependencies of the three-point bending
strength of composites hot-pressed in (a) CO—CO,, and (b} inert
atmosphere. Tests in vacuum. {(—-O--} HPSN, (--0O-9)
HPSN-10TiN, (-— A ——) HPSN-30TiN, (--- A—) HPSN-40TiN,
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Figure 17 Creep curves of HPSN with different TiN contents at
1250°C and 100 MPa [92].

100 MPa are summarized in Fig. 18 as a function of
the TiN content. As can be seen from the semilogarith-
mic plot, a close to exponential dependence of the
creep rate on the TiN content is observed. The addi-
tion of up to 30wt% TiN leads only to a slight
increase in the creep rate. A stronger change is mani-
fested at higher TiN contents. Probably, the formation
of a TiN skeleton at > 30 wt % [26] detrimentally
affects the creep behaviour of ceramics. Fine-grained
matrix microstructure in the TiN-rich ceramics can
also be responsible for the increase of the creep rate. It
must be recognized that the effect of TiN additions on
the creep rate is dependent upon the temperature. The
maximum differences in creep rates were observed at
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Figure 18 Dependence of the minimum creep rate on the temper-
ature and TiN content in Si3N, ceramics [92].

1100 °C. TiN and TiC additions led to changes in the
values of stress exponent and apparent activation en-
ergy of the materials [96, 97].

On the basis of TEM investigations, it was shown
that the steady-state creep rate of the composite can
be regarded to be controlled by two creep compo-
nents, being related to the viscous creep or cavita-
tional accommodation of the matrix, and to the plastic
deformation of the TiN [98] or TiC [99] skeleton.
However, the deformation of TiN plays a secondary
role. The increase of the creep rate with the additive
content occurs first of all due to changes in the com-
position of the intergranular phase. The addition of
chemically and plastically active TiC suppresses creep
cavitation up to 15% compressive strain [96]. Dis-
location activity in TiC grains was much higher than
in TiN [99].

The compression creep rate of hot-pressed
Si;N,-TiB, composites at 1600°C under an inert
environment increases with TiB, content [100].
A sharp increase of the creep rate was observed at
75 vol % TiB, and a superplasticity of this composi-
tion was suggested.

5.5. Oxidation

It is known, that the oxidation resistance of carbides
and nitrides of refractory metals is lower than that of
SizNy [101]. Therefore, their addition can put limita-
tions on the application of the composites at high
temperatures.

The effect of the TiN grain size and content on the
.oxidation mass gain of HPSN is demonstrated in
Fig. 19. The mass gain of composites increases with
increasing TiN content. Furthermore, there is a
marked increase of oxidative attack with increasing
TiN grain size. On the surface of samples with 40 or
50 wt % TiN, the formation of a continuous rutile
layer, which has low protective properties, was found
(Fig. 20a). The growth of such a scale should be related
to the diffusion of titanium to the surface of the com-
posite and its oxidation according to the reaction

2TiN + 20, = 2TiO,; + N, (22)

With a decreasing amount of TiN, only those
groups of grains that exist near the surface can be
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Figure 20 Scanning electron micrographs of the (a) non-protective
rutile and (b) protective silicate layers on the surface of
(a) HPSN-50TiN and (b) HPSN-30TiN samples after 5 h oxidation
at 1300°C.



oxidized because the TiN grains are present as iso-
lated inclusions in the Si;N, matrix. Rutile islands
protruding from the oxide layer were formed in these
areas only. Above 1100-1200°C, the formation of
a viscous silicate film (Fig. 20b) on the surface of the
composites due to oxidation of silicon nitride accord-
ing to the reaction

Si;N, + 30, = 3Si0, + N, (23)

can protect them from further oxidation even at relat-
ively high TiN contents. In this case, the presence of
small TiN particles is desirable, because coarse TiN
grains prevent the formation of a continuous silicate
film on the surface and decrease its protective proper-
ties [ 102, 103]. A correlation between the size of TiN
particles in the ceramics and TiO, crystals in the oxide
layer was observed. These rutile islands, not covered
by the silicate film, can work as oxygen pumps, lead-
ing to the propagation of the reaction boundary
through TiN channels deep inside the material.

It is important to note that the presence of fine
isolated inclusions of TiN (< 30wt %) does not
change the mass gain or increases it only slightly, as
compared with a TiN-free material (Fig. 19). For
materials containing a continuous skeleton of TiN
(> 30wt %) a noticeable increase in the oxidation
rate was observed [30, 102-104]. Oxidation of com-
posites can cause a strength decrease at high-temper-
ature tests in air [94] and can be one of the reasons for
a lower creep resistance of TiN-rich ceramics [92].

Additions of other compounds, e.g. TiB, [42] or
TiCN [105], were also deleterious on the oxidation
resistance of silicon nitride-based composites. Porous
sintered ceramics containing 10%-20% ZrN or
10%-30% TiCN demonstrated a very poor oxidation
resistance [36, 37]. Cracking of the ZrN-containing
samples occurred after heating in air above 400 °C.
This ceramic was easily oxidized also during friction
tests [105]. Densification of these ceramics due to
additions of sintering aids improved their oxidation
resistance. Dense ZrC-containing composites possess
high oxidation resistance at least up to 400°C [41].
Hot-pressed Si;N,~ZrN-AIN and Si;N,~ZrN ceram-
ics possess a high oxidation resistance up to 1300 °C at
ZrN contents less than 10% and 15%, respectively
[106]. Hot-pressed B-SiAION with 42 wt % TiN has
relatively high oxidation resistance in air and can
survive a short-term heating up to 1700 °C [107, 108].
SiAION ceramics with 30 wt % TiSi, demonstrated
a higher oxidation resistance at 1100 °C than the same
matrix with 30 wt % TiC [109].

6. Applications

The most common application for particulate-rein-
forced Si3N, is as a tool material [63, 110, 111]. TIN
has a low coefficient of friction. Therefore, TiN addi-
tion leads to improved wear resistance and extended
tool life. The addition of TiC to silicon nitride reduces
its solubility in iron [110]. TiN and TiC were tradi-
tionally used as coatings [112] and components
of alumina-based cutting tools [63, 113]. At present,
several types of Sis;Ny-based cutting tools with TiN

and TiCN additions, e.g. SILINIT-R® (IPM, Kiev,
Ukraine [63]), TISINIT (ISM, Kiev, Ukraine),
WIDIANIT® (Krupp Widia, Germany [86]), are
commercially available. TiC- and Hf C-containing cer-
amics with Al,O; and CeQO, as sintering aids, were
also tested as cutting tools [110]. These tools, as well
as other silicon nitride tools, are usually used for
high-speed cutting and turning of cast iron and nickel-
based superalloys. SILINIT-R® tools appeared to be
the most promising for high-speed interrupted cutting
operations owing to their high fracture toughness and
impact resistivity under these conditions [63]. Under
the conditions of discontinuous turning of steel (depth
of cut 1 mm), the wear resistance of the SizN,-TiN
composites is significantly higher than that of mono-
lithic Si;N, [91]. v

High strength and good strength reproducibility
(Weibull modulus > 20[114, 115]), sufficient fracture
toughness (~ 10 MPam'/?) and excellent wear resist-
ance which can be achieved by conventional hot-
pressing or sintering make these composites attractive
candidates for various tribological and structural
components. Experimental parts of Diesel engines,
lining and balls for the ball and planetary mills, attri-
tors and disintegrators were made from SiAION-TiN
and SizN,-TiN composites [3, 116]. These com-
posites can replace monolithic silicon nitride in most
cases, when a high level of mechanical properties and
good machinability are necessary, except for very
high-temperature applications (gas turbines, etc.). Ce-
ramic parts made from SizN,~TiN and Si;N,-TiB,
composites can be diffusionally bonded to Incoloy
909® by HIPing at 1200°C [117]. A higher wear
resistance and lower friction coefficient of TiN [86]
and TiC-containing composites [118] in comparison
with monolithic SisN, allows their use for sealings,
bearings and other wear-resistant parts.

Ceramics with high conductivity can be used for
some specific electrotechnical applications. Heaters,
collecting electrodes and collector rings from reaction-
sintered Si3sN,—TiN were developed in the Hitachi
Research Laboratory [29, 119]. A combination of the
electroconductive Si;N,—TiN and resistive SizN,—
Al,O; compositions was successfully used for manu-
facturing of commutators [297]. All these parts can be
fabricated in near-net-shape.

7. Conclusion

The analysis of the published data shows promise of
further investigations of silicon nitride-based partic-
ulate composites as structural, tool or electronic ma-
terials. These data point to the presence of strong
grain boundaries, limited interactions and the mech-
anism of dispersion toughening in the studied systems.
Additions of carbides, nitrides, borides and silicides of
transition metals increase the electrical conductivity,
Young’s modulus, specific weight and thermal expan-
sion coefficient of the composite and decrease its
oxidation resistance, high-temperature strength and
creep resistance. Sinterability, strength, fracture
toughness, hardness and wear resistance can be in-
creased or decreased depending on the type, content
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and grain size of the dispersoid. However, only
Si3N,—TiN and SiyN,-TiC systems are studied more
or less systematically. For other systems, only limited
data were obtained. While some of the properties of
composites, e.g. Young’s modulus, thermal expansion
and density, can be estimated with fair accuracy
knowing the properties of the matrix and disper-
soid, for other properties experimental verification is
necessary.

Particulate composites appear very competitive to
other classes of composites in terms of raw material
cost and simplified processing. The alteration of the
Si;N,4 microstructure by the dispersed additions may
offer a potential for improvement of the composite’s
properties at room temperature, but the effect at elev-
ated temperature may be adverse. The improvement
of technology providing homogeneous mixtures and
uniformly distributed particles will ensure a higher
level of mechanical properties. The properties can be
optimized by varying particulate size and volume
loading. However, the improvement in fracture tough-
ness associated with the particulate reinforcement is
less than that associated with whiskers or fibres. At the
same time, particulate composites are easier processed
by any method, that can be used for silicon nitride
ceramics.

There is a need for further investigations of the
properties of particulate composites. Effects of the
additions of carbides and nitrides of transition metals
on thermal shock resistance, fracture toughness at
elevated temperatures and thermophysical properties
have not been investigated. A nanocomposite ap-
proach and/or combination of the particles with
whiskers or fibres may be feasible for further improve-
ment in mechanical properties.
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